INTRODUCTION
The thermodynamic instability of lithium in contact with most nonaqueous battery electrolytes leads to the formation of layers on electrode surfaces that can result in an unexpected electrochemical behavior of the lithium electrode. 1 • 2
Propylene carbonate-based electrolytes have been studied extensively. The morphological characteristics of the surface layer have been studied by scanning electron microscopy, 3 • 4 transmission electron microscopy, 5 Auger spectroscopy, 6 photoelectron spectroscopy, 7 ellipsometry, 8 and x-ray diffraction. 9 The kinetic properties of the surface layer have been studied by means of stationary polarization, 10 • 11 cyclic voltammetry, 12 potentiostatic and galvanostatic pulse techniques, 13 and electrode-impedance spectroscopy. 14 Two principal results of these studies are: {1) The surface layer, which contains the products of reactions between lithium and the solvent, the salt, and their impurities, is composed of various organic and inorganic compounds. {2) The surface layer can be an ionic conductor and an electronic insulator, and it acts as an interphase between the lithium electrode and the organic electrolyte.
~
The properties of such a surface layer can be those of a solid electrolyte 13 or a porous insulating membrane 14 depending on the purification procedure used for the organic electrolyte. Even in the well-known propylene carbonate-based electrolytes, 15 -24 the composition and structure of the surface layer is not well understood. The presence of successive sublayers made of different organic and inorganic compounds has been assumed. 24 Use of the models presented in the literature 13 , 14 can lead to misinterpretations of such systems.
In the present work, electrode-impedance spectroscopy has been used to study the electrochemical properties of surface layers on lithium electrodes. Different models of homogeneous composite, and stratified interphases with the properties of solid and polymer electrolytes have been investigated to derive the thickness of surface layers from the impedance measurements.
THEORETICAL Impedance Behavior for Different Interphase Models
The metal/surface-layer/solution system involved in the impedance behavior of the lithium electrode covered by a surface layer formed in an organic electrolyte can be studied under some simplifying assumptions. The surface layer is assumed to be an ionic conductor and an electronic insulator. The impedance of this completely nonblocking system 25 , 26 is represented by the equivalent circuit of the surface layer independent of the solution resistance. Many different· equivalent circuits can be defined for various compositions and structures, but only a few simple circuits can be used in practice for the analysis of the impedance measurements. The interp~ase models have The equivalent circuit and impedance diagram for the conduction process in the SEI layer are shown in Fig. 1 . This circuit consists of the bulk resistance Rb and the geometric capacitance Cg which are related to the conductivity a and the permittivity E as shown in Eqs.
[1] and [2] for a planar system of unit surface area [1] where Y is the thickness of the solid electrolyte. The corresponding impedance diagram in the complex plane consists of a semicircle due to the Rb/Cg coupling over the whole frequency range. By analyzing this diagram one can determine the thickness of the surface layer for a known permittivity or conductivity of the solid electrolyte by use of Eqs. [1] and [2] . 20 , 25 lbo The Polymer-Electrolyte Interphase {PEl) Model
The equivalent circuit and impedance diagram related t~ the PEl layer are given in Fig. 2 for a case where the elementary processes ca~ be separated. The equivalent circuit is determined by three types of (1] and [2] provided that either the conductivity or the permittivity of the polymer electrolyte is known.
Composite and Stratified Layers
The presence of organic and inorganic compounds in the surface layer suggests a complex composition, which may be represented by a composite or a stratified film structure. A limiting case is to consider that the surface layer has the ~verage properties of both solid and polymer electrolytes which are mixed to form a compact solid-polymer layer (the SPL Model). Porosity can also be represented by a composite-medium model, but will not be further considered here.
Another limiting case is to consider that the surface layer consists of two different homogeneous sublayers. Such a stratified structure can be due to the presence of a solid electrolyte on the electrode surface and a solid or a polymer electrolyte in contact with the solution (the CSL) Model). These models are analyzed in greater detail below.
2a. The Solid-Polymer Layer (SPL) Model
In this model, the surface layer is assumed to consist of solid compounds dispersed in a polymer electrolyte. As shown in Fig. 3 , the equivalent circuit of the lithium covered by such a solid-polymer interphase can be similar to that of the PEI Model. In the SPL case, the different time constants of the conduction, charge transfer, and diffusion processes may not be well separated. 29 The three loops then mix to form a single distorted loop, which can only suggest the existence of the several processeso For example, the total impedance Z for two RIC circuits placed in series can be written as: l+(jw RC) [4] where a is the depression parameter. The angle a.n/2 appears in the complex plane between the radius of the semicircle and the real axis.
The graphical analysis of the impedance data can lead to the identification of the three R/C circuits corresponding to the conduction, charge transfer, and diffusion impedances. f 2 {z) a f2 for 0 ~ z < {L-d) [5] l+(z/L) 2
where z is the distance from the top to the bottom of the surface layer. When d << L, the thicknesses d and L are related to the ratio f2/fl by [7] according to the condition f 2 ( Thus, the equation of the integral of f(z) for the total thickness L is expressed by:
Taking into account either the conductivity or the permittivity of a thin first sublayer and a thick second sublayer, the integral values of the resistance and capacitance of the surface layer deduced from Eqs. 7 and 9 are given by: [10] [11]
These Eqs. 10 and 11 deduced from the CSL model can be easily compared to Eqs. 1 and 2 deduced from the SEI model. Taking [12] the total thickness L can be derived from the apparent thickness
Ye As shown in Fig. 12 , for a ratio~/~ equal to 10, the total 0 thickness L ranges only from 75 to 125 A. Thus, this assumption concerning the variation of the permittivity appears not valid to obtain an agreement between the optical and electric measurements. But the other possible assumption concerning the variation of the conductivity seems to be more appropriate. As shown in Fig. 13 , for a ratio a 1 !a 2 equal to 50, the total thickness L ranges from 100 to 1500 [A] L, CSL model (cr 1 = 1 x 10-9 , cr 2 = 50 x 10-9 n-1 cm-1 ).
[c] d, CSL model (cr 1 = 1 x 10-9 , cr 2 =50
x 1o-9 n-1 cm-1 ). Figure 15
